This paper reports on the design, fabrication and characterization of silicon-based microprobes for simultaneous neural recording and drug delivery. The fabrication technology is based on two-stage deep reactive ion etching combined with silicon wafer bonding and grinding to realize channel structures integrated in needle-like probe shafts. Liquids can be supplied to microfluidic devices via in-plane and out-of-plane ports. The liquid is dispensed at circular out-of-plane ports with a diameter of 25 μm and rectangular in-plane ports with dimensions of 50 × 50 μm 2 . Two-shaft probes with a pitch between shafts of 1.0 and 1.5 mm were realized. The probe shafts have a length of 8 mm and rectangular cross-sections of w × h (w = 250 μm and h = 200 or 250 μm). Each shaft contains one or two fluidic channels with a cross-section of 50 × 50 μm 2 . In addition, each probe shaft comprises four recording sites with diameters of 20 μm close to the outlet ports. Mechanical and fluidic characterization demonstrated the functionality of the probes. Typical infusion rates of 1.5 μL min −1 are achieved at a differential pressure of 1 kPa. The Pt-gray electrodes have an average electrode impedance of 260 ± 59 k at 1 kHz.
Introduction
The complex interactions of large neural networks with impressive numbers of neurons through electrical and chemical signals are still under investigation and a challenging research topic in neuroscience. Tools combining the capability of neural recording with a well-defined drug delivery close to the recording site offer interesting perspectives addressing some of these challenges. Dispensed drugs can be used (i) for chemical stimulation or inactivation of synaptic activity [1, 2] , (ii) to suppress unintended reactions of brain tissue, e.g. inflammatory reactions [3] , (iii) as imaging tracers [4] and (iv) for in vivo calibration of biosensors [5] . The availability of such probes opens new perspectives in research and application, e.g. in neural prostheses, as well as for the diagnosis and therapy of neurodegenerative brain diseases including Alzheimer's and Parkinson's diseases, neural dysfunctions such as epilepsy and neural degeneration, i.e. tumors.
Previously, research efforts have focused mainly on the investigation of electrical cell communication using the extracellular recording of neural activity of single neurons or clusters of neurons [6] [7] [8] [9] . In the first case, one speaks of single unit activity (SUA). In the case of neuron clusters, multiple unit activity (MUA) and local field potentials (LFP) can be recorded. Ideally, neural devices making such recordings possible have the following features and properties: precise and reproducible electrode configurations 4, 5 , high resolution by a large number of closely spaced electrodes [10] , affordable fabrication costs 4, 5 and the possibility to integrate electronics [10] and additional microsensors such as biosensors to detect L-glutamate and choline [11] . It is further required that these devices are biocompatible and applicable in long-term recordings. Currently, these requirements can be satisfied only using silicon-based arrays with slender probe shafts comprising multiple electrodes arranged in one-dimensional (1D) [9, 12, 13] , 2D [9, 13, 14] and 3D [15] [16] [17] [18] electrode configurations fabricated using microsystem technologies. These arrays implement either an in-plane approach [9, 12] with possible assembly into 3D arrays [13, [15] [16] [17] [18] or an out-of-plane approach with silicon needles comprising a single recording site at the needle tip [16] .
State-of-the-art pressure-driven drug delivery in neuroscience is performed mainly using stainless steel or glass capillaries with inner diameters down to 40 μm and a corresponding outer diameter of around 100 μm [19, 20] connected to flexible tubing and an external syringe pump. If neural recording in response to a dispensed liquid is required, separate wire electrodes are inserted into the brain tissue close to the dispensing needle. This, however, involves uncertainties in the relative positioning of dispensing and recording probes and limits the minimal distance between them. The distance between the fluidic ports and microelectrodes has been decreased using hybrid probes consisting of tungsten wire electrodes either attached to fused silica tubing [20] or passed through glass capillaries [21] . Alternative assemblies combining polymer and silicon microelectrode arrays glued to fused silica tubes [22] were recently brought to the market by NeuroNexus Technologies 4 . Drawbacks of these hybrid probes are seen in a rather delicate assembly and the limited choice in drug release location. Currently, the release direction is restricted to the probe tip. Efforts have been made to overcome these limitations by combining electrical and fluidic functionality on microfabricated neural probes.
Microfluidic channels have been integrated into transdermal and neural needle arrays using (i) surface micromachining based on sacrificial layers, (ii) bulk micromachining followed by the sealing of small etch orifices and (iii) bonding techniques.
In the case of surface micromachining, the channel geometry has been defined using sacrificial materials such as phosphosilicate glass (PSG) [23] and thick photoresists [19, [24] [25] [26] . The sacrificial structure is covered by a thin film consisting of silicon nitride [24, 25] , nickel and palladium [25, 26] , or parylene [19] as schematically shown in figure 1(a) . Etch openings are patterned into these layers so that the sacrificial material is selectively removed from the channel structures. A factor limiting the cross-sectional area of microfluidic structures realized using this approach is the mechanical stability of the cover layer. Additionally, the structure length is restricted by the diffusion-limited removal of the sacrificial materials.
Bulk micromachining based on anisotropic wet etching using ethylene-diamine pyrocatechol (EDP) [27] and potassium hydroxide (KOH) [28] solutions or using isotropic dry etching [29, 30] allows buried channel structures to be realized as illustrated in figures 1(b) and (c). Openings in the etch mask layer have to be subsequently sealed e.g. by depositing materials such as silicon oxide [27, 28] . The crosssectional area of these channels is restricted by the diffusionlimited etch rate through the openings and the mechanical stability and hermeticity of the sealing layer. In addition, if anisotropic wet etching using KOH is applied, the channel layout is restricted to straight lines and bends of 90
• . In order to etch fluidic channels with larger diameters starting from narrow etch openings, a combination of anisotropic and isotropic dry etching, as illustrated in figure 1(d) , has been proposed [29, 31] .
Further approaches to realize fluidic channels using bonding techniques have been based on surface or bulk micromachining. As an example, polymer-based neural probes have been realized by bonding an SU-8 cover onto SU-8 channel structures [32] . The channels have been generated by structuring a separate channel layer on an SU-8 base layer, as illustrated in figure 1(e). In contrast, gold-gold (Au-Au) thermocompression bonding of patterned titanium (Ti) shafts with channels to a Ti cover foil has been described in [33] . Similar approaches use the bonding of polydimethylsiloxane (PDMS) foils on silicon wafers [34] , molds coated with parylene [35] , glass wafers [36] and silicon-on-insulator (SOI) wafers [37] (see figure 1(f ) ). In the latter case, the channel structure is defined using deep reactive ion etching (DRIE) of silicon followed by silicon fusion bonding of a cover wafer. Major advantages are the design freedom in shaping the channel and the gas tightness owed to the applied silicon and silicon oxide. However, the SOI wafers used in this approach are relatively expensive.
Some of these fluidic devices were designed purely for dispensing liquids in various medical applications such as transdermal drug delivery [33, 38] . In contrast, other microprobes [27, 28, [31] [32] [33] [34] are intended for use in neural applications relying on both microfluidic functionality and neural recording. This goal is achieved by integrating microchannels and microelectrodes on the same probe shaft.
The work presented in this paper has been performed within the EU-funded NeuroProbes project [39] [40] [41] aiming at the development of multifunctional 1D, 2D and 3D neural probe arrays comprising passive [9, 13, 17] and active [10] recording electrodes, microfluidic functionality [42, 43] and amperometric biosensors for the detection of neurotransmitters, i.e. choline and L-glutamate [11] . This paper describes a novel probe concept offering the advantages of fluidic functionality with the in-plane and out-of-plane inlet and outlet ports combined with the simultaneous neural recording during drug dispensing. The design requirements and the system approach chosen for this study are described in section 2. The fabrication process used to realize microfluidic channel structures integrated in slender needle-like probe shafts is detailed in section 3. The selected technology is compatible with the process technologies used in the NeuroProbes project [9, 11] . It is based on two-stage DRIE combined with silicon wafer bonding and grinding. The mechanical probe characterization and insertion tests using a brain model as well as electrical and fluidic tests are reported in section 4.
Probe concept

Design requirements
Within the NeuroProbes project multifunctional microprobe arrays comprising electrodes for electrical recording and stimulation, biosensors and microfluidics have been developed [39] [40] [41] . For this reason, the fabrication of the fluidic microprobes was chosen to be compatible with fabrication processes and materials used in NeuroProbes [9] . These materials are silicon as the probe material and silicon oxide and nitride as passivation layers. Further, the fluidic probes were designed to be compatible with the modular approach pursued by NeuroProbes with the assembly of various probes into a platform [17] . As the probes are intended to perform injections in brain regions located at depths of 5 mm and more, a total probe length of about 8 mm was required. Further, two different liquids, e.g. a drug and a buffer reference, should be delivered with intended infusion volumes in the range of 0.5-0.75 μL per fluidic probe at flow rates of about 0.1-0.2 μL min −1 . In order to minimize the infusion pressure at these flow rates, a channel cross-section of 50 × 50 μm 2 was targeted.
System approach
Based on the fluidic and technological requirements, a fabrication process based on wafer bonding and dry etching of the fluidic probe structure was developed. As described in detail in section 3.2, the fluidic channels are structured into a channel wafer using a two-stage DRIE process followed by silicon wafer bonding, grinding of the cover wafer and finally double-sided DRIE. In this way, the fluidic structure is fabricated independently of its sealing. This results in a highly flexible design of the dimensions of the fluidic structures, i.e. the width, height and wall thickness of the channels. In view of the proper fluidic connection of the probe shaft to fluidic tubing and considering the necessary platform integration, it is beneficial to have the channel in the center of the probe shaft cross-section. A further advantage of the bonding technology is the possibility of coating the channel surface with a silicon oxide layer prior to wafer bonding. The wafer grinding allows the height of the channel cover to be adjusted and standard double-side-polished silicon substrates to be applied instead of the more expensive SOI wafers. In addition, as described below, the process offers high flexibility in positioning the fluidic outlet ports in the probe shaft. Similarly, the fluidic inlet ports can be placed either in-plane or out-of-plane with respect to the probe shaft.
Design and fabrication
Layout of fluidic microprobes
The neural microprobes with fluidic functionality are schematically shown in figure 2. They comprise two slender, needle-like probe shafts attached to a probe base for electrical and fluidic interconnection. Each shaft contains planar, circular electrodes and one or two microfluidic channels. The liquid may be supplied either in-plane through sockets at the probe base compatible with the platform concept of the NeuroProbes project. This is shown in figure 2(a). Alternatively, out-of-plane fluidic access ports can be made available at the bottom face of the probe base as shown in figure 2(b). The fluid is dispensed into the brain tissue via outlet ports on the shaft front surface in the out-of-plane direction (figure 2(a1)). A further probe variant comprises additionally outlet ports in the sidewalls of the probe shaft for in-plane fluid dispensing, as indicated in figure 2(a2). Four planar electrodes with an electrode area of 20 μm in diameter [9] are positioned upstream and downstream of the outlet port and connected by 20 μm wide leads with bonding pads on the probe base. In this study, the electrode pitch is 500 μm. The fluidic channels have a quadratic cross-section of 50 × 50 μm 2 . Out-of-plane outlet ports are circular and measure 25 μm in diameter. In-plane outlet ports are 50×50 μm 2 in size. The probe shaft is 250 μm wide with a thickness depending on the applied wafer grinding of the cover wafer and the rear DRIE etch process, as described in section 3.2. The standard shaft thickness is 250 μm; however, thicknesses down to 150 μm were realized as well. The sharp tip of the probe shaft has an opening angle of 17
• . The 400 μm thick probe base measures 4 × 4 mm 2 or 4 × 6 mm 2 in the case of the in-plane and outof-plane variants, respectively. It carries eight bonding pads (150×300 μm 2 ) for wire bonding to a printed circuit board or for connecting highly flexible polyimide ribbon cables using the Microflex Technology [44] . For probe tracking, a wafer code (90 × 90 μm 2 ) [9] is integrated on each probe base. As summarized in table 1, seven different variants of neural probes with fluidic functionality were implemented. 
Fabrication process
The fabrication process of passive silicon-based neural probes [9] developed in the framework of the NeuroProbes project was further extended to include fluidic channels. The nine-mask fabrication process is summarized in figure 3 . It starts with the dry etching of 150 nm deep alignment marks on the rear of 300 μm thick, double-side-polished, 4 inch (1 0 0) wafers using dry etching as illustrated in figure 3 (a). These marks ensure the precise alignment of all subsequent masks. This is followed by the thermal oxidation of the wafers providing a 300 nm thick protective layer on the wafer rear during the following dry etching steps.
Fluidic channel patterning.
An additional 2 μm thick silicon oxide (SiO x ) layer is deposited on the front surface of the channel wafer using plasma-enhanced chemical vapor deposition (PECVD). It is then patterned by reactive ion etching (RIE) with the result schematically shown in figure 3 (b). The SiO x layer serves as the masking layer against the subsequent two-stage DRIE process performed in an inductively coupled plasma (ICP) etcher (ICP Multiplex from STS, Newport, UK). The mask layout comprises the channel structure as well as the shape of the neural probes, i.e. shafts and probe base. In order to define the channel depth independently of the depth of the trenches delimiting the outer probe geometry, the mask openings for the channels are first covered by a photolithographically structured 5 μm thick photoresist (AZ4533, MicroChemicals GmbH, Germany) ( figure 3(b) ). The outer probe shape and out-of-plane fluidic connections are etched in a first DRIE step to a depth of 100 μm. After removal of the AZ4533 photoresist, the fluidic channels with a depth of 50 μm are defined in a second DRIE step ( figure 3(c) ). As a result, probe shape and out-ofplane fluidic connections are further etched to a total depth of 150 μm indicated in figure 3 (c).
Silicon wafer bonding and grinding.
The thermal oxide and PECVD oxides are then removed by wet etching. This is followed by thermal oxidation of either the channel wafer to an oxide thickness of 500 nm, the cover wafer (oxide thickness of 1000 nm) or both. These oxide layers serve as an etch stop for the subsequent DRIE steps to compensate for inhomogeneous etch rates over the wafer. If both channel and cover wafers are oxidized, the fluidic channel walls are completely passivated by oxide.
Prior to wafer-to-wafer bonding, both wafers are cleaned and treated to promote the formation of hydrophilic groups on the wafer surfaces. Since the cover wafer is not structured before bonding, no wafer alignment is required. The wafers are bonded using direct wafer bonding at 1050
• C. The resulting wafer stack is illustrated in figure 3(d) . During bonding, special precautions have to be taken to keep the pressure level inside the channel cavities low enough to be compatible with the subsequent DRIE steps in vacuum. The bonding step is followed by the thinning of the cover wafer using a commercial grinding and polishing process (see figure 3(d) ) by Disco HiTec Europe, Munich, Germany. To date, thicknesses of the cover wafer down to 50 μm were achieved. The resulting surface roughness of 14 nm is sufficiently low for further processing.
Metallization.
The subsequent process steps are similar to those described in detail previously [9] . First, a stress-compensated layer sandwich consisting of 200 nm thick thermal oxide (SiO 2 ), 100 nm thick silicon nitride (Si x N y ) produced by low pressure chemical vapor deposition (LPCVD), and 200 nm thick low temperature oxide (LTO) is deposited on both sides of the wafer stack. Next, a 1.5 μm thick PECVD SiO x layer is deposited on the wafer back. It serves as the etch mask against the subsequent DRIE step. The metallization of the electrodes, leads and bonding pads is realized using evaporation and lift-off of a gold/platinum (Au/Pt) layer stack, with the respective thicknesses of the Au and Pt layers of 200 nm and 100 nm. The Au layer is optional and reduces the resistance of the conducting lines. The metal stack is sandwiched between two 30 nm thick titanium (Ti) adhesion layers as illustrated in figure 3 (e). The metallization is covered by a further stress compensated 1 μm thick PECVD SiO x /Si x N y layer stack. It is opened at the location of the electrodes and bonding pads using RIE in the RIE STS Multiplex etcher (cf figure 3(e) ). The upper Ti on the Pt electrodes is removed in 1% hydrofluoric acid (HF) followed by an activity test using hydrogen peroxide [9] .
Probe patterning.
The rear dielectric layers, i.e. PECVD masking oxide and SiO 2 /Si x N y /LTO layer stack, are patterned by RIE followed by a DRIE step with an etch depth of 150 μm using the STS ICP Multiplex etcher. A resulting crosssection is schematically shown in figure 3(f ) . This DRIE step defines the final shaft thickness, the overall probe shape as well as the out-of-plane fluidic supplies on the rear side of the wafer stack. Next, the dielectric layers on the front side, i.e. passivation and insulation layer stacks, are patterned by RIE. The subsequent DRIE step with an etch depth equivalent to the thickness of the cover wafer releases the probes. Thereby, the probes are suspended in the wafer stack by thin struts. A challenge for the DRIE is the etching of the out-of-plane fluidic outlet ports with diameters of 25 μm simultaneously with the 100 μm wide trenches defining the probe geometry. Due to RIE lag [45] , the etch rate in the outlet ports is lower than in the trenches. RIE lag is well known to occur in cases where structures of different sizes and targeted aspect ratio have to be etched in parallel. As a consequence, the outlet ports require a longer etch time than the trenches, which results in trench over-etching. To avoid wafer fracture, the final DRIE process is performed on a support wafer, similar to the process described in [9] .
The wafer stacks, i.e. the channel and cover wafer, constituting the fluidic probes are available in different variants defined by the thermal oxide growth on either channel or cover wafers or both (cf section 3.2.2). Technological consequences of the three cases are now discussed individually.
Oxidized cover wafer. When only the cover wafer is oxidized (cf figure 4(a1) ), minor notching [46, 47] appears as soon as the rear and front DRIE reaches the cover wafer oxide (cf figures 4(b1), (c1)). Since a sufficient over-etching is required in view of the RIE lag, the SOI kit from STS was chosen to minimize notching. Advantage of a pulsed low frequency platen power supply is taken to reduce the ionic charging of the oxide layer [48] . The oxide membranes remaining in the etch trenches and in particular in the outlet ports schematically shown in figure 4(c1) have to be removed. Whereas front dry etching was successfully applied for 50 μm thin cover wafers, it failed in the case of cover wafers with a thickness of 100 μm. Wet etching using buffered HF is no option since the passivation layers of the probe shaft will be attacked as well. Removing the small oxide membranes in the outlet ports proved to be particularly challenging. It was found that they can be removed using either time-consuming argon ion beam etching or ultrasonic energy. For the latter approach, the membranes in the 100 μm wide trenches were first removed by RIE. Then, the probe channels were filled with isopropanol. Individual probes were then lowered into an ultrasonic bath (US) where the US energy caused the rupture of the oxide membranes in the out-of-plane outlet ports.
Oxidized channel wafer. When only the channel wafer was oxidized (cf figure 4(a2) ), the rear DRIE causes notching at the thermal oxide of the channel wafer (cf figure 4(b2) ). Again this effect can be minimized using the SOI kit of STS. The front DRIE cuts down into the existing trenches in the channel wafer as schematically shown in figure 4(c2) . Again, the out-of-plane outlet ports require sufficient over-etching with minimal notching handled by the SOI kit. In contrast to the case with the oxidized cover wafer, all the remaining oxide membranes (cf figure 4(c2) ) are located in the trenches and out-of-plane fluidic inlet ports. Thus, they have dimensions of at least 100 μm. As a consequence, they are removed using RIE from the wafer rear. For this purpose, the photoresist remaining after the rear side DRIE as well as the 1.5 μm thick passivation layer on the wafer rear serve as etch mask layers.
Oxidized channel and cover wafer. In the case both channel and cover wafers are thermally oxidized prior to wafer bonding, effects described in both preceding cases have to be taken into account. The major advantage resides in the fact that the entire surface of the resulting channels is oxidized. This improves the biocompatibility of the fluidic channels with respect to the used liquids.
Scanning electron micrographs of fluidic channels as well as the outlet and inlet ports are shown in figure 5 . The corresponding locations of these details are indicated in the front view of the overall probe layout with out-ofplane and in-plane fluidic connections in figures 5(a) and (e), respectively. Figure 5(b) illustrates the resulting stepped etch profile of one probe shaft with two channels structured in the channel wafer. The tips of a completed fluidic probe with in-plane and out-of-plane outlet ports are shown in figure 5(f ) . An out-of-plane fluidic inlet port with the corresponding fluidic channel is given in a front view of a channel wafer in figure 5(c) . The in-plane fluidic inlet port of a completed neural probe is shown in figure 5(g) . The stepped sidewall indicates the interface between channel and cover wafers. The channel structures within the probe bases of the two probe types are given in figures 5(d) and (h). The thin struts of the probes for suspension in the wafer stack are highlighted. A photograph of a 4 wafer after fabrication is shown in figure 6 (a) with three probes removed for inspection. Minor striae resulting from wafer grinding are visible in figure 6(b) . Details of completed fluidic probes with recording capability are compiled in figure 7 . The electrodes are shown in figures 7(a) and (b). They are located in close proximity to the fluidic out-of-plane outlet port with a diameter of 25 μm (cf figure 7(b) and (c) ). Figure 8 shows the example of a system assembly of a neural probe with two in-plane fluidic supplies. Two polytetrafluoroethylene (PTFE) tubings are attached to the fluidic inlet ports of the silicon probe. The probe is then fixed to a polyetheretherketone (PEEK) package using an adhesive. A flexible printed circuit board (FPCB) with a conventional connector of 1.27 mm contact pitch is attached to the probe and its package. Finally, the probe is wire-bonded to the FPCB. Details on the assembly process are described elsewhere [43] . 
Results
Initial mechanical, fluidic and electrical measurements performed using the new multifunctional neural probes are now described.
Mechanical characterization
Silicon-based neural probes are known to withstand large forces of up to 500 mN applied along the shaft axis [41] . However, forces acting perpendicularly to the shaft surface lead to probe fracture at much lower values. In order to estimate tolerable force levels, probe shafts were subjected to orthogonal forces applied close to the probe tips. A probe shaft with two integrated channels bent at a rate of 10 μm s
survived deflections up to 0.3 mm corresponding to a load of 110 mN. In order to evaluate the mechanical strength of the bonding process and the maximum pressure applicable to individual channels, probes without fluidic outlet ports were pressurized up to 9 bar with air and dipped into a water container for inspection. Since no gas bubbles were formed on the outer surface of the probes, it was concluded that the channels are gas tight up to a pressure of at least 9 bar. The silicon probes themselves were not destroyed at this pressure level.
Insertion behavior
The experimental setup consisting of a commercial tensile tester (Zwick, Ulm, Germany) employing a piezoresistive force sensor with an accuracy of 0.5 mN and a maximum force of 5 N (KD40S, ME-Systeme, Henningsdorf, Germany) was applied to characterize the insertion behavior of the fluidic probes [49] . For this purpose, probes were inserted in 0.6% agarose gel covered by a polyethylene (PE) foil as a realistic model for the cortex and pia mater. The fluidic probes were inserted at a speed of 100 mm min −1 . On average, an insertion force of 120 ± 13 mN was derived from 43 measurements. In comparison, two-shaft combs with a shaft thickness of 100 μm and an inter-shaft pitch of 550 μm as described in [9] showed an insertion force of 78 mN [49] . The increased penetration force of the fluidic probes is caused by the larger probe thickness of 250 μm compared to 100 μm of the nonfluidic probes. Note that the tip opening angle of 17
• is the same for both probe types. In addition, the observed dimpling of the foil and the agarose gel of 1.1 mm in comparison to 0.6 mm reported for the thinner non-fluidic probes [49] reflects the increased insertion forces. In vivo experiments have demonstrated the capability of these devices to penetrate the dura mater of rats [43] . 
Electrical characterization
Electrical impedance spectra of the recording electrodes of individual microprobes are determined in Ringer's solution using a three-electrode setup with a Pt counter electrode and an Ag/AgCl reference electrode. At 1 kHz typical impedances of (1.8 ± 0.3) M were determined for the Pt electrodes with a diameter of 20 μm. If required, the electrode impedance has been decreased by an additional deposition of Pt-black or Pt-gray using electroplating as described elsewhere [9, 13] . In the case of Pt-gray electrode metallization, the average electrode impedance at 1 kHz was reduced to 260 ± 59 k . Figure 9 shows the impedance spectra between 10 2 Hz and 10 6 Hz of all eight Pt electrodes of a fluidic probe with two shafts after the deposition of a Pt-gray layer [13] . The average spreading resistance of the electrode-electrolyte interface is 12 k . This value has been determined at the frequency of 145 kHz where the impedance phase angle is closest to 0
• and where consequently the interface is most similar to a pure resistance [50] . It is in agreement with previously measured values [9] . Below this frequency, the spectra show the wellknown capacitive behavior of the interface.
Fluidic characterization
The microprobes were validated fluidically by attaching silicone tubing to the in-plane fluidic ports. The tubes were connected to a conventional syringe pump and colored solutions were dispensed into water.
As an example, • C), with linear fits of the data. figure 10 shows the simultaneous release of two differently colored liquids from a two-channel probe shaft. The fluidic characterization of the probes was performed by applying a hydrostatic pressure and measuring the resulting liquid flow rate with a commercial flow sensor (μ-FLOW, Bronkhorst Mättig GmbH, Kamen, Germany). Figure 11 shows representative measurements for two channels of a microprobe. As expected from laminar flow theory, the flowpressure relationship is linear. Further, the flow rate of the two channels differs only by 3% at 1.5 kPa corroborating the homogeneity of the fabrication process. Although the smallest microfluidic features of a microprobe, i.e. the outlet ports, have a diameter of 25 μm, a modest pressure of 1 kPa is sufficient to achieve a flow rate of 1.5 μL min −1 .
Discussion and conclusion
This paper presented the layout and fabrication of fluidic microprobes for simultaneous drug delivery and neural recording. The fabrication process is based on two-stage DRIE combined with silicon wafer bonding and grinding to realize channel structures. This technology has several advantages over previously reported approaches. As the fluidic structures are realized on a separate wafer independent of the cover wafer, the process offers considerable flexibility in the design of the fluidic channels. The channels have a cross-sectional area of 50 × 50 μm 2 along a shaft length of 8 mm. Up to two channels are integrated in one shaft. Previously reported neural probes with combined fluidic and recording capability used mainly bulk micromachining of the channels based on EDP and KOH wet etching [27, 28] . Their cross-sectional areas depend on the diffusion-limited etch rate and are therefore slightly smaller but still compatible with the presented work. However, the technology used for these channels imposes significant constraints on channel layout.
Further, the novel probe concept reported here enables both in-plane and out-of-plane fluidic supply of the neural probes to be realized. The resulting neural probes are intended equally for future platform integration and for stand-alone use. In contrast, the platform integration [17] with channels based on surface micromachining [19, [23] [24] [25] [26] ] is more challenging due to the lacking top surface planarity. The current integration of outlet ports in the sidewalls of probe shafts and into the front of the cover wafer is a useful feature for neuroscientific experiments and thus represents a further advantage of the new concept over the previous approaches.
Structuring the probe shape by DRIE allows robust batch fabrication and allows higher stability of probe shanks compared to wet etching of boron-doped shanks [27] . Furthermore, structuring of silicon by DRIE is a CMOScompatible process and thus allows in principle to integrate electronics even on the probe shaft [10] . In comparison to the DRIE-based approach based on SOI [37] , the used standard silicon wafers are less costly. Probes fabricated of polymers such as SU-8 and parylene [32, 35] are more flexible, but are also more difficult to insert into brain tissue. In contrast, the presented fluidic probes are able to penetrate the pia and even the dura mater.
In addition to the microfluidic features, the probes also comprise electrodes, bonding pads and interconnection leads. In the current implementation, four electrodes are located around the outlet ports for simultaneous recording of electrical neural signals. Only a few approaches of other research groups offer this combined functionality on a microprobe [27, 28, 31, 32, 34] . The electrodes of our microprobes were electrochemically characterized and showed typical impedances of 1.8 ± 0.3 M at 1 kHz for smooth Pt and 260 ± 59 k with Pt-gray deposition. Previous experiments have demonstrated the capability of these electrodes for stable in vivo recordings [9, 43] .
The microprobes were validated fluidically. Typical flow rates for neuroscience applications of 1.5 μL min −1 are achieved at a low differential pressure of 1 kPa. The resulting flow resistivity is lower than in the case of other approaches. at 1 kPa [35] and 0.7 μL min −1 at 137 kPa [38] have been reported in the literature. Further, our fluidic microprobes are gas tight up to a pressure of at least 9 bar, which is more than sufficient.
Experiments are currently being performed using the fluidic microprobes where pharmacologically active substances are locally injected into several animal models while SUA and LFP are recorded [43] . Interfacing the brain both electrically and chemically opens new perspectives for neuroscientific research and applications such as the treatment of neurodegenerative brain diseases. Options for further developments include the combination of the fluidic probes with a fluidic actuation mechanism [51] , their integration into the NeuroProbes modular platform [17] , and the integration of biosensors directly on the fluidic microprobes so that the fluidic channels can be used to calibrate the biosensors in vivo [11] .
